Since M. sinensis Anderss., M. sacchariflorus (Maxim.) Hack. and M. ×giganteus J.M.Greef & Deuter ex Hodk. and Renvoize have considerably the highest potential for biomass production among Miscanthus Anderss. species, there is an urgent need to broaden the knowledge about cytological characteristics required for their improvement. In this study our objectives were to assess the genome size variation among eighteen Miscanthus accessions, as well as estimation of the monoploid genome size (2C and Cx) of the M. sinensis cultivars, which have not been analyzed yet. The characterization of three Miscanthus species was performed with the use of flow cytometry and analysis of the stomatal length. The triploid (2n = 3x = 57) M. sinensis 'Goliath' and M. ×gigan-teus clones possessed the highest 2C DNA content (8.34 pg and 7.43 pg, respectively). The intermediate 2C-values were found in the nuclei of the diploid (2n = 2x = 38) M. sinensis accessions (5.52-5.72 pg), whereas they were the lowest in the diploid (2n = 2x = 38) M. sacchariflorus ecotypes (4.58-4.59 pg). The presented study revealed interspecific variation of nuclear DNA content (P<0.01) and therefore allowed for recognition of particular taxa, inter-and intraspecific hybrids and prediction of potential parental components. Moreover, intraspecific genome size variation (P<0.01) was observed in M. sinensis cultivars at 3.62%. The values of the stomatal size obtained for the triploid M. ×giganteus 'Great Britain' (mean 30.70 μm) or 'Canada' (mean 29.67 μm) and diploid M. sinensis 'Graziella' (mean 29.96 μm) did not differ significantly, therefore this parameter is not recommended for ploidy estimation.
INTRODUCTION
The rising interest in development and production of renewable energy sources is caused by depletion of fossil fuels reserves and concerns about atmospheric greenhouse gas concentrations. Perennial C4 grasses are a potential source of biomass and biofuels production due to their high productivity and root system sequestering carbon in the soil (McLaughlin and Walsh, 1998) . Numerous studies have recently indicated that Miscanthus Anderss. species are promising candidates for low input bioenergy production in temperate regions (Dohleman and Long, 2009; Jones, 2011) .
The genus Miscanthus (family: Poaceae, tribe: Andropogoneae, subtribe: Saccharinae) originates from tropical and subtropical environments and has been recognized as an ornamental plant introduced to European and American conditions (Hodkinson et al., 2002c; Quinn et al., 2010) . Since M. sinensis Anderss., M. sacchariflorus (Maxim.) Hack. and M. ×giganteus J.M.Greef & Deuter ex Hodk. and Renvoize have considerably the highest potential for biomass production among Miscanthus species, there is an urgent need to broaden the knowledge about cytogenetic and molecular characteristics required for crop improvement, especially because of the fact that M. sinensis and M. sacchariflorus can hybridize in both natural and artificial environments (Adati and Shiotani, 1962; Clifton-Brown et al., 2008; Jeżowski, 2008; Nishiwaki et al., 2011) . M. ×giganteus is an example of such a hybridization event, which occurred in natural conditions between the diploid M. sinensis (2n = 2x = 38) and allotetraploid M. sacchariflorus (2n = 4x = 76) from sympatric populations. The biomass productivity of M. ×giganteus proved to exceed its parental components (Linde-Laursen, 1993; Hernández et al., 2001; Hodkinson et al., 2002a Hodkinson et al., , 2002b Nishiwaki et al., 2011; Heaton et al., 2010) .
At present several new subspecies, varieties, horticultural cultivars of M. sinensis, M. sacchariflorus and M. ×giganteus have been described (Chae, 2012; Głowacka et al., 2015) . According to Meyer and Tchida (1999) , since 1980 over 50 Miscanthus selections have been introduced, mainly from the United States and Germany. Currently, in the USA nursery market more than 85 M. sinensis cultivars are available (Sacks et al., 2013) .
For particular bioenergy breeding programs species of the Miscanthus genus need to be evaluated in terms of ploidy and genome size. The measurement of DNA content (genome size) is frequently used for better understanding of genome evolution (Huang et al., 2013) . Nuclear DNA content provides data mainly for comparative analyses in a variety of taxonomic levels and groups, phylogenetic associations and for the designing of sequencing projects (Li et al., 2013) . Since it becomes possible to measure the DNA content of a single nucleus, researchers have reported variations among different species (interspecific). However, the occurrence of genome size variation below the species level (intraspecific) is still controversial and not analyzed in a satisfactory way (Özkan et al., 2010) . Although many reports of this phenomenon published till date have recently been disproved as erroneous, there are several examples of intraspecific DNA content variation based on properly conducted studies (Trávnícek et al., 2013) . Flow cytometric analyses have been used not only for defining the variation in different taxa (e.g. soybean, sugarcane, puffball) but also in natural and synthetic hybrids recognition, which usually show mid-parent values of the genome size (Ohri, 1998; Rayburn et al., 2004 Rayburn et al., , 2005 Nishiwaki et al., 2011; Zhang et al., 2012; Trávnícek et al., 2013) . Rayburn et al. (2009) provided evidence for the existence of interspecific variation of nuclear DNA content and confirmed the union of a 2x M. sacchariflorus and a 1x M. sinensis gamete for the formation of M. ×giganteus. The genome size of M. ×giganteus was found to be 7.0 pg, whereas M. sacchariflorus and M. sinensis -4.5 and 5.5 pg, respectively (Rayburn et al., 2009) . In these Miscanthus species no intraspecific variation in the nuclear DNA content was found, but it is worth emphasizing that only three cultivars of M. sinensis and M. sacchariflorus were studied. In recent studies on a larger number of Miscanthus accessions all of which included nuclear DNA content analysis, some differences among species could be observed (Chae, 2012; Głowacka et al., 2015) . The present study is the first attempt to investigate whether intraspecific nuclear DNA content variation exists in Miscanthus cultivars.
The ploidy of Miscanthus spp. varies from diploid to hexaploid. M. sacchariflorus accessions native to China are mainly diploids, while accessions native to Japan are polyploids, mostly tetraploids (Moon et al., 2013; Sacks et al., 2013) . M. sinensis is typically diploid, but natural and artificial polyploids are available. One of such examples is a triploid cultivar known as 'Goliath' (CliftonBrown et al., 2008; Sacks et al., 2013) . According to Purdy et al. (2013) , it is an intraspecific hybrid of M. sinensis, which was selected by Ernst Pagels as a vigorous seedling from crossing of unknown parents. Głowacka et al. (2010) suggested that this hybrid came from the crossing of diploid and tetraploid M. sinensis but it has not been confirmed. It has been cultivated as a 'large-type' horticultural cultivar since the 1970s (Purdy et al., 2013) . In the genotype screening trials, to investigate the productivity of Miscanthus genotypes, M. sinensis 'Goliath' indicated the same or even higher biomass yields and showed better survival rate after the first winter than M. ×giganteus (Jørgensen and Muhs, 2001) . What is more, recent investigations have documented the variation in flowering time in M. sinensis taxa, which allows for further hybrid generation and adaptation of varieties to different climatic conditions (Jensen et al., 2011) .
Our objectives were to use flow cytometry for DNA content estimation in the Miscanthus accessions and ensure the correct accession identification. Of particular interest was determination of whether inter-and intraspecific nuclear DNA variation existed in Miscanthus species. The results were used to assess the monoploid genome size for Miscanthus genotypes, which have not been analyzed yet. The potential of the nuclear DNA content estimation for determination of different hybridization events leading to the formation of triploid M. sinensis 'Goliath' or M. ×giganteus was verified. The measurement of the stomatal length was performed to determine whether it is a reliable method for ploidy estimation in Miscanthus accessions.
MATERIALS AND METHODS

PLANT MATERIAL
Eighteen accessions of the Miscanthus (Anderss.) species available in the field collection at the PBAI -NRI (Plant Breeding and Acclimatization Institute -National Research Institute, Bydgoszcz, Poland) were used (Cichorz et al., 2014 ) was chopped simultaneously with a fragment of a leaf of internal standard with a sharp razor blade in a plastic Petri dish containing 1 cm 3 of nuclei-isolation buffer (0.1 M Tris, 2.5 mM MgCl 2 ·6H 2 O, 85 mM NaCl, 0.1% v/v Triton X-100; pH 7.0), supplemented with PI (50 μg·cm ). Pisum sativum 'Set' (2C = 9.11 pg; Sliwinska et al., 2005) was used as an internal standard for all the samples except M. sinensis 'Goliath', where indirect internal standard, M. sinensis 'Malepartus' (2C = 5.52 pg; this work), was used. For each sample, 7,000-9,000 nuclei were analyzed using a Partec CyFlow SL Green (Münster, Germany) flow cytometer, equipped with an air-cooled argon-ion laser with green light emission at 532 nm. Histograms were analyzed using the FloMax (Partec GmbH, Münster, Germany) software. For each accession, 5 plants were analyzed. Nuclear DNA content was calculated using the linear relationship between the ratio of 2C peak positions of Miscanthus/P. sativum (or M. sinensis 'Goliath'/M. sinensis 'Malepartus') on the histogram of the fluorescence intensities. 2C nuclear DNA contents (pg) were transformed to megabase pairs of nucleotides using the following conversion: 1 pg = 978 Mbp (Doležel et al., 2003) . The mean CV (coefficient of variation) value of internal standard was 2.62-4.53% and 3.47-4.55% for the samples which were regarded as acceptable (Doležel et al., 2007) . 
STOMATAL SIZE MEASUREMENT
For comparison of stomatal size among plants with known ploidy, the epidermis from the abaxial leaf surface was peeled off with fine forceps, placed in a drop of Lugol's solution on a glass slide and covered with a microscope cover glass. According to Rayburn et al. (2009) , stomatal size was measured in micrometers from the following parts of the leaf: tip, midsection and base. For each accession three leaves were analyzed and at least 167 measurements of stomatal size were made. Stomatal observations were performed using an optic microscope Jenamed 2, (Carl Zeiss Jena, Germany). The photographs were taken with a A101 cp camera (Basler Vision Technologies, Germany) and analyzed with Lucia -ScMeas ver. 4.51 software (Laboratory Imaging, Czech Republic). CHROMOSOME COUNTS Chromosome counts were made with slightly modified protocol of Chae (2012). Root and stem tips (5-10 mm long) were removed from the plants, placed in icechilled boxes and stored in 4°C for 24 h. After pretreatment, the samples were fixed and stored in 3:1 (v/v) 100% ethanol/acetic acid at room temperature for four days. Root and stem tips were then stained with 2% orcein for 24 h. Meristems were macerated and analysed in 45% acetic acid. A cover slip was placed over the tissue and gently tapped with a dissecting needle to disperse the tissue. Chromosomes from three plants of each accession were counted. Observations were performed using an optic microscope Jenamed 2, (Carl Zeiss Jena, Germany).
STATISTICAL ANALYSIS
One-way ANOVA's and corresponding post-hoc RIR Tukey's and Tukey's HSD tests were used for each genotype to determine significant differences in nuclear DNA content (P<0.01) and stomatal length (P<0.05), respectively. Pearson's correlation coefficient was used to evaluate the correlation between the genome size, ploidy, stomatal size and chromosome number. The Statistica ver. 7.0 (StatSoft, Poland) software package was used for data management and statistical calculations.
RESULTS
For all the analyzed Miscanthus species the results of the 2C DNA content measurements enabled the authors to establish unambiguously the ploidy and taxonomic status of each accession (Table 1 ). The 2C DNA values for Miscanthus spp. ranged from 4.58 pg to 8.34 pg. The highest 2C DNA content was estimated in the nuclei of triploid (2n = 3x = 57) M. sinensis 'Goliath' (8.34 pg; Fig. 1a ) and M. ×gigan-teus clones (7.43 pg; Fig. 1b, 1c) . The intermediate 2C-values were found in the nuclei of diploid (2n = 2x = 38) M. sinensis accessions (5.52-5.72 pg; Fig. 1d,  1e) , whereas the lowest ones were observed in diploid (2n = 2x = 38) M. sacchariflorus ecotypes (4.58-4.59 pg; Fig. 1f) . The triploids contained from 1.3-to 1.8-fold more 2C DNA than the diploids. The interspecific nuclear DNA content variation (P<0.01) was observed for three analyzed species. Moreover, the intraspecific nuclear DNA content variation (P<0.01) was found among the M. sinensis cultivars, whereas no intraspecific variation was observed for M. ×giganteus clones and M. sacchariflorus ecotypes. Six homogenous groups were revealed inside the Miscanthus genus ( Table 1 ). The first group was represented only by triploid M. sinensis 'Goliath', which showed significant difference in 2C DNA content in comparison to M. ×giganteus clones, belonging to the second group. This confirmed a distinct hybrid nature of the above mentioned accessions. The third group was represented by M. sinensis cultivars: 'Sirene', 'Graziella', 'Variegatus', 'Flamingo'. The fourth group ('Zebrinus', 'Kleine Fontäne') showed intermediate values of the analyzed parameters between the third and fifth group ('Kleine Silberspinne', 'Gracilliums', 'Rotsilber', 'Pünktchen' 'Malepartus'). The sixth group consisted of M. sacchariflorus ecotypes. The highest monoploid genome size (1Cx) was observed in M. sinensis cultivars (the mean value of 2.81 pg), intermediate in M. ×giganteus clones (2.48 pg) and the smallest in M. sacchariflorus ecotypes (2.29 pg). The interspecific differences in 1Cx value among Miscanthus accessions were statistically significant (P<0.01).
The stomatal length was measured for all the accessions and the analysis of variance indicated significant differences between these genotypes at P<0.05 (Table 1 , Fig. 2a-d) . The mean stomatal size for: M. ×giganteus clones was 30.88 μm, M. sacchariflorus ecotypes 25.05 μm and for M. sinensis cultivars 27.10 μm. The highest value of stomatal length was observed in M. sinensis 'Goliath' at 33.62 μm (Fig. 2a) and the lowest in M. sinensis 'Gracillimus' at 23.57 μm (Fig. 2b) .
A significant correlation between nuclear DNA content, ploidy, stomatal length and chromosome number was found ( Table 2 ). The correlation between stomatal length and nuclear DNA content or ploidy was strong, whereas between nuclear DNA content and ploidy or chromosome number it was very strong.
DISCUSSION
Although Miscanthus spp. have significant potential as a bioenergy crop, still little is known about the cytogenetic features of this taxon and only few reports are available. The nuclear DNA content estimation of this genus is advisable especially for conventional breeding programs and genomic studies or while searching for native environment for the valuable genotypes, especially natural hybrids (Rayburn et al., 2009; Nishiwaki et al., 2011) . The taxonomic recognition of Miscanthus spp. mainly based on morphological features is dubious. The confusion sometimes arises during investigating, propagation and sampling germplasm collections (Hodkinson et al., 2002b) . The errors in species identification may be caused by lack of taxonomic, molecular or cytological information and from sample mislabeling. Estimations of genome sizes of Saccharum germplasm helped to identify some mislabeled accessions . Cytogenetic analysis performed by Chramiec-Głąbik et al. (2012) revealed diploid nature of one M. sinensis accession, which, according to the breeder, was supposed to be a triploid. In the studies made by Chae (2012) the use of combined molecular markers and genome size information made it possible to relabel the misclassified Miscanthus accessions. In our study the flow cytometry analysis of nuclear DNA content indicated significant differences between particular species, hence confirmed accession recognition. The 2C DNA contents received in this study were consistent with those previously published for Miscanthus (Rayburn et al., 2009; Swaminathan et at., 2010; Chramiec-Głąbik et al., 2012; Chae, 2012; Moon et al., 2013; Li et al., 2013; Głowacka et al., 2015) . However, some discrepancies were observed and slightly lower values appeared in the study published by Rayburn et al. (2009) , which can be explained by the use of different nuclei-isolation buffer, internal standards and a flow cytometer (Doležel et al., 1998 (Doležel et al., , 2005 .
Of particular interest was determination of whether the inter-and intraspecific variation among vs. M. sinensis 'Goliath'). The present experiment revealed that the nuclear DNA content of triploid M. ×giganteus was approximately 32% and 62% higher than this of diploid M. sinensis and M. sacchariflorus, respectively. The difference appears to be due to the different chromosome number. However, at the diploid level M. sacchariflorus has 0.5 pg/1Cx (~23 %) less DNA in comparison to M. sinensis. Similarly, 17-26% variation in 2C between the above mentioned species has been recently observed (Rayburn et al., 2009; Swaminathan et at., 2010; Nishiwaki et al., 2011; Chae, 2012; Li et al., 2013; Moon et al., 2013; Głowacka et al., 2015) . Bennett (1987) stated that interspecific variation in DNA content plays an adaptive role and is correlated with geographical and environmental distribution of populations. Moreover, smaller genome size observed in M. sacchariflorus has its phenotypic consequences in early flowering. Diploid accessions of this species generally flower one or two months earlier in comparison with most M. sinensis genotypes, which complete the life cycle of those plants under a shorter growing season (Chae, 2012) . From the biophysical point of view, the increase in the 2C DNA content causes not only the increase of nucleus and cell size, but also lengthening of the minimal time for cell division, which impacts the length of all stages of the cell cycle (Bennett and Leitch, 2005; Chae, 2012) . A positive correlation between guard cell length and 2C DNA content was also indicated in Miscanthus genotypes (Rayburn et al., 2009 ). As nuclear DNA content increases, the stomatal length also increases, which has been confirmed in this study. The M. sinensis 'Goliath' with the highest nuclear DNA content showed the widest stomatal size, whereas M. sacchariflorus ecotypes which possessed the smallest genome size, belonged to the group with the shortest stomatal size. In this research two ecotypes of M. sacchariflorus were compared with twelve M. sinensis ornamental cultivars of the higher phenotypic and genetic diversity. In native populations, M. sacchariflorus develops large genets mainly by spreading of the underground rhizomes rather than through sexual reproduction, which may probably affect lower diversity among these plants (Nishiwaki et al., 2011) . If M. sacchariflorus produces seeds, its mass is smaller than in M. sinensis, which could be explained by smaller cell size and seed organs, such as cotyledons and hypocotyls (Li et al., 2013) .
The presence of intraspecific variation has been widely studied in more than 80 genera and there are about 200 papers examining the evidence of its existence, yet it is still questioned (Šmarda and Bureš, 2010) . Recent studies by Li et al. (2013) revealed that nuclear DNA contents were stable within natural populations of three Miscanthus species at the diploid level. The authors assumed that diverse growing environments did not cause any significant variability of DNA content. Rayburn et al. (2009) , who analyzed the genome size of different cultivars of M. sinensis and M. sacchariflorus, did not detect intraspecific variation, either. Similar values of 2C DNA content for M. sacchariflorus cultivars ('Golf Course' -4.40 pg; 'Robustus' -4.43 pg) were received by Chae (2012) and Głowacka et al. (2015) . These examples revealed that the difference in nuclear DNA content between the above mentioned cultivars was also very low (about 0.68%) and can be regarded as non-significant. However, if we take into consideration cultivars such as 'Bluemel' or 'Earthly Pursuits' -4.29 pg and 'Hortico' -4.47 pg, the difference rises to 4.2% (Głowacka et al., 2015) . Furthermore, a comparison between two odd accessions belonging to M. sinensis var. condensatus 'Cosmopolitan' -5.10 pg and 'Tripple Brook Farm' -5.60 pg shows that the distinction reaches 9.8 % (Głowacka et al., 2015) . In the research done by Chramiec-Głąbik et al. (2012) , the difference between the genome size of M. sinensis M07 (5.178 pg) and M. sinensis 'Gracillimus' (5.493 pg) was as high as 6.08 % and indicated statistical significance. These examples illustrated that intraspecific variation in nuclear DNA content could be observed among M. sinensis and M. sacchariflorus genotypes.
Our report is the first to confirm the intraspecific variation in nuclear DNA content among M. sinensis accessions, cultivated worldwide. The highest difference observed between cultivars with extreme genome sizes ('Sirene' -5.72 pg and 'Malepartus' -5.52 pg) was estimated as 3.62%. Such variation (4%) between the two highest and lowest genome size lines belonging to the same species has been observed in soybean and considered to be small (Rayburn et al., 2004) . The authors assumed that interspecies variation among soybean lines is due to the variation among the non-U.S. plant introductions (Rayburn et al., 2004) . On the other hand, intraspecific variation between M. sinensis cultivars could be caused by different amounts of repetitive DNA, which seems to be primarily responsible for the large ranges of the genome size in plants (Bennett and Leitch, 2005) . Especially the amplification and removal dynamics of retrotransposons are particularly important (SanMiguel and Bennetzen, 1998; Bennetzen et al., 2005; Zuccolo et al., 2007; Šmarda and Bureš, 2010) . Further support for this hypothesis comes from the fact that much of repetitive DNA is composed of long terminal repeats (LTRs), which in grasses are clearly the most abundant. In recent studies, it was revealed that M. sinensis had genome-wide duplication, while in M. ×giganteus highly repetitive sequences represented the great majority of the genome (Swaminathan et at., 2010; Ma et al., 2012) . That could probably explain the existence of intraspecific variation in nuclear DNA content among M. sinensis accessions used in our study, which was detectable by flow cytometric measurements, but did not affect the chromosome number.
Another aim of our study was to analyze if the DNA content makes it possible to distinguish odd hybrid nature, especially differences in parental components of two triploid accessions such as M. ×giganteus vs. M. sinensis 'Goliath' with the same chromosome number. In the previous study Rayburn et al. (2009) used nuclear DNA content estimation to determine the potential parental components of M. ×giganteus. The hypothetical result of the 2x M. sinensis × 4x M. sacchariflorus crossing was estimated to have 7.2 pg, whereas M. ×giganteus accession revealed to have a nuclear DNA content of 7.0 pg. The authors assumed that the difference may be caused by the existence of intraspecific DNA variation among parental species. This means that different accessions with the nuclear DNA content that would precisely match the hypothetical value of M. ×giganteus could exist. In our study the predicted nuclear DNA content (7.40 pg) of the above mentioned species almost exactly matched the observed value (mean 7.43 pg); however, estimations made for M. sinensis 'Goliath' were not so straightforward. As was previously mentioned, 'Goliath' probably originated from a cross made between 2×M. sinensis × 4×M. sinensis. The estimated nuclear DNA content based on the mean monoploid value (2.815 pg) of all M. sinensis cultivars (3 × 2.815 pg) would be 8.45 pg, while the observed one was 8.34 pg. This could be explained by the fact that in newly synthesized polyploids genome downsizing is a widespread phenomenon (Özkan et al., 2001; Leitch and Bennett, 2004) . But if we considered the values obtained for 'Malepartus' and 'Rotsilber', 2×M. sinensis (5.52 pg) and 4×M. sinensis (2 × 5.58 pg), respectively, the calculated value would be exactly the same as the observed one (8.34 pg). Thus, maternal components of M. sinensis 'Goliath' could differ in nuclear DNA content, but are not indication of the maternal and paternal line de facto. The present results confirmed the usefulness of nuclear DNA content estimation as a helpful method of hybrid recognition between Miscanthus accessions with the same chromosome number but different parental components.
Since many breeding companies may not have the opportunity to analyze the ploidy in Miscanthus spp. by flow cytometry we have used a standard and easy method to perform measurements of the stomatal size. A high positive correlation between the ploidy and stomatal size suggests that the latter can be a suitable parameter for the preliminary identification of Miscanthus ploidy, which is in agreement with other results obtained by Głowacka et al. (2010) . However, since the values of stomatal size obtained for triploid M. ×giganteus 'Great Britain' (mean 30.70 μm) or 'Canada' (mean 29.67 μm) and diploid M. sinensis 'Graziella' (mean 29.96 μm) did not differ significantly, using this parameter can cause confusion and mistakes. Therefore, flow cytometric measurement of Miscanthus ploidy is more reliable.
CONCLUSIONS
Since interspecific variation in the nuclear DNA content among Miscanthus species is rather high, recognition of particular taxa, inter-and intraspecific hybrids and prediction of the potential parental components is possible using flow cytometry. Although intraspecific variation in M. sinensis cultivars occurs, it is low and may be caused by the quantity rearrangements of retroelements content fixed during the breeding process. It needs, however, to be confirmed in further studies.
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